Abstract. Compressional waves in the Earth's current sheet, driven by the high-speed plasma flows connected to substorms, are investigated using the Cluster magnetometer and plasma instrument. During the time that Cluster had its apogee in the magnetotail (July through October 2001), we have studied 5 events in detail. We find compressional waves in the 30-60 mHz band, at a spectral power density that is dependent on when and where the event is observed. There is a difference of two orders of magnitude in power density between waves at substorm onset and waves during quiet times. Strong plasma flows are the driver of the wave power. The spacecraft location in the current sheet is also important for the spectral power density. Having four spacecraft available we can discern spatial from temporal variations. We have determined the propagation direction of the waves in the 30-60 mHz band and found that in the Cluster rest frame they propagate in the same direction as the plasma flow at an angle 30 • < φ < 40 • with respect to the plasma flow direction in the spacecraft' rest frame.
Introduction
Waves in the Earth's magnetotail have been a subject of theoretical and experimental investigations since the late 1960s (see, e.g. Hruška and Hrušková, 1970) . The plasma sheet model proposed by Harris (1962) is mostly used to describe the magnetic field in the tail. Theoretically, the possible wave modes in the magnetotail are investigated by solving the MHD equations using the Harris model as an equilibrium around which the various fields are perturbed. Examples of this method can be found in Roberts (1981a, b) , Lee et al. (1988) , Smith et al. (1997) , Tirry et al. Correspondence to: M. Volwerk (Martin.Volwerk@assoc.oeaw.ac.at) (1997), Büchner and Kuska (1999) , Yoon and Lui (2001) and Fruit et al. (2002a, b) .
In situ satellite observations have provided information about the behaviour of the magnetotail. Compressional waves seem to constitute an important part of the dynamics of the magnetotail and its lobes -see, e.g. Chen and Kivelson (1991) and Bauer et al. (1995a, b) and references therein. Also, the whole magnetotail can be flapping (Sergeev et al., 1998 (Sergeev et al., , 2003 . The experimental investigations have not been limited to the Earth's magnetotail, but have also been extended to the magnetotails of the outer planets (Khurana et al., 1992) .
The use of multi-spacecraft observations has proven to be very enlightening in obtaining both temporal and spatial resolution of the processes taking place in the Earth's magnetotail (see, e.g. Zhou et al., 1997) . With the availability of the Cluster spacecraft we have four similar spacecraft that can be used to investigate, amongst others, the magnetotail.
Plasma flows, which form an important part in the analysis of our data, have been extensively studied. It has been pointed out by Nagai and Machida (1998) that the pre-midnight sector is the most active, which has been nicely confirmed by Raj et al. (2002) , using Wind measurements of high-speed bulk flows. Other studies on the importance of burst flows in the inner central plasma sheet are presented by, for example, Baumjohann et al. (1990) , Angelopoulos et al. (1992) using AMPTE/IRM data and Angelopoulos et al. (1994) , making a statistical study of bursty bulk flows combining AMPTE/IRM and ISEE 2 data, and by Baumjohann et al. (2002) using Geotail data.
In this paper we will extend the investigation of Bauer et al. (1995a, b) by making case studies of five events, using the magnetic field ) and plasma measurements (Rème et al., 2001 ) from the four Cluster spacecraft. The Cluster spacecraft traversed the magnetotail in the period July through October 2001. The four spacecraft were set up to form an almost perfect tetrahedron while crossing the current sheet. The interspacing between the spacecraft was approximately 1800 km. We will investigate the wave . Locations of all current sheet crossings for this paper in the GSM xy-plane. The location of 3 spacecraft are offset from the real location by ±0.5 R E in either the x or y direction, to show the relative location better. The offsets are in the following way: C1 0.5 R E earthward, C2 0.5 R E duskward and C4 0.5 R E dawnward. C3 is at its true location in the xy-plane, the southern-most of the four spacecraft.
power during neutral sheet crossings at three different magnetospheric activity levels: 1. at substorm onset/during the expansion phase in Sect. 2; 2. during the late substorm (recovery) phase and re-intensification in Sect. 3; and 3. at quiet times in Sect. 4. The locations of all encounters in the GSM xy-plane can be seen in Fig. 1 . In this figure we have offset 3 spacecraft from their true location by ±0.5 R E in the following way: C1 0.5 R E earthward, C2 0.5 R E duskward and C4 0.5 R E dawnward. C3 is at its true location in the xy-plane, the southern-most of the four spacecraft. This offset keeps the basic shape of the tetrahedron, but shows the relative locations of the spacecraft better.
Substorm onset/expansion phase
The first two events that we will investigate occur during a substorm expansion phase, as defined by a sudden increase in the AE index. They are the neutral sheet crossings on 17 July and 22 August 2001. The magnetometer data from the 4 spacecraft and the CODIF CIS v x data for protons are shown in Figs. 2 and 3 in GSM coordinates. The region of interest for our wave investigation is marked by a gray box in the figures. Throughout this paper we will use the colour blue and a dash-dotted line for C4 and adhere to the other regular colours/line styles (C1 black/solid line, C2 red/dotted line, C3 green/dashed line) for the Cluster spacecraft.
We investigate the spectral power density of the compressional component of waves in the current sheet. The data are transformed to a mean field-aligned coordinate system which is calculated from low-pass filtered data (Butterworth filter which passes signals with periods τ ≥ 5 min). We combine the two transverse components in the mean-field-aligned system to a left-and a right-hand polarized component. The sampling rate of the data was 22 vectors per second, leading to a Nyquist frequency f Ny =11 Hz, and the power spectra are averaged over 7 spectral harmonics, and we have a spectral resolution of f ≈10 −3 Hz (depending on the length of the interval). The power in the left-and right-hand polarized waves is an order of magnitude smaller than that in the compressional waves (see Fig. 4a and Bauer et al., 1995a, b) and therefore, we will concentrate on the compressional waves. This holds for all events discussed in this paper. Also, one finds that the main spectral power for all cases is in the Pi2 frequency range (8-25 mHz). We will not discuss these waves in this paper, but concentrate on signatures at higher frequencies.
The data
17 July: The interval of interest is 17:23-17:34 UT. The AE index for this day shows an increase up to 500 nT, with the maximum reached at approximately 17:45 UT. The plasma data from Cluster show a fast earthward flow (CIS CODIF data) of v x ≥400 km/s (bottom panel in Fig. 2 ) and little flow in the y and z directions (not shown in Fig. 2 ). 22 August: The interval of interest is 09:50-10:02 UT. The AE index for this day shows an increase up to 500 nT, starting at approximately 09:50 UT, while reaching a maximum at 10:15 UT. The plasma data from Cluster show that during the interval 09:50-09:54 UT, there is significant tailward flow, typically v x ≈ − 300 km/s, with strong bursts up to v x ≈ − 900 km/s and during the interval 09:54-10:02 UT, a strong earthward flow is established with v x ≈500 km/s. The v y component shows some flow v y ≈200 km/s during the first interval and returns to small variations around 0 km/s in the second interval. There is no flow in the z component. The interval of interest on 17 July shows a well developed harmonic spectrum, Fig. 4b . All four spacecraft show a peak around 40 mHz. A strong variation in spectral power density appears in the different spacecraft. C4 shows the greatest power density, followed by C3, C2 and finally, C1, at approximately 0.3 times the power density of C4.
Closer inspection of the power spectra shows that C1 and C2 (Fig. 4c) show a harmonic spectrum: the main power is in the Pi2 band at 15 mHz, possibly there is a peak at 25 mHz, and then more harmonics at frequency steps δf ≈17 mHz. However, C3 and C4 (Fig. 4d) show a different kind of behavior, with a harmonic spectrum starting at possibly 25 mHz (with some minimal structure similar as in C1/2) and definitely at 40 mHz, with frequency steps δf ≈30 mHz. We will discuss the origin of these harmonic waves in Sect. ??.
The availability of four spacecraft measurements of the magnetic field gives the opportunity to determine the propagation direction and the velocity of these compressional waves. We have band-pass filtered the data (30≤f ≤60 mHz, using a Butterworth filter) and then determined the crosscorrelation between C1 and the three other spacecraft, see Fig. 5 top panel. The lag time between the spacecraft is determined from the maximum in the cross-correlation. The lag time between the spacecraft and the location of the spacecraft are least-square fitted to obtain the three-dimensional velocity vector, v≈(287, 53, −18) km/s, with respect to the tetrahedron. (A more elaborate method for determining the wave propagation direction is described by Glassmeier et al. (2001) . Unfortunately, this method needs much longer time intervals than are available in our case.) These compressional waves thus move in the same direction as the plasma flow, which was earthward at v x ≥500 km/s (see above), but at different speed. The waves also propagate under an angle φ≈32 • with respect to the plasma flow.
22 August 2001
For 22 August we split the interval into two parts: A. 09:50-09:54 UT, in which the plasma flow is mainly tailward; and B. 09:54-10:02 UT, in which the plasma flow is strongly earthward. Again, the plasma flow is similar for all three spacecraft for which data is available, as can be seen in the bottom panel of Fig. 3 . The power spectrum for interval A is shown in Fig. 6a , in which it is clear that enhanced power exists in the 30-60 mHz band. It is well developed in C4, whereas C1/2/3 show a more plateau-like structure which is the low-frequency end of a broad structured spectral maximum extending up to ∼0.2 Hz. From the data (Fig. 3) it is clear that the spacecraft are in different regions of the current sheet. C3 is still in the lobe, and sees little wave power, C1/2 are entering the current sheet and see oscillations in B x , and C4 has crossed the neutral sheet and sees well developed oscillations in B x at ∼25 s. The higher frequency maximum shows peaks between 70-100 mHz for C1/2/4, and a peak at approximately 120 mHz for C1/4.
We band-pass filter the data of interval A to determine the propagation direction of the waves in the 30-60 mHz band. The cross-correlation between the spacecraft is not as good as in the 17 July case, as can be seen in Fig. 5 , bottom panel. Especially between C1 anc C3 the cross-correlation is poor, which is not surprising, since from the magnetic field data there is little wave power present. The different peaks in the cross-correlation are separated by approximately 25 sec, which is one period of the central frequency of our band-pass filters. One cannot just take the maximum cross-correlation for this event, which the data clearly shows when checked. For the C3 trace we have to take the lower extremum at ∼ − 6 s, for a consistent propagation direction. This also means that we have to be skeptical about the resulting velocity vector. We find that v≈(−140, 42, 5) km/s. The propagation angle with respect to the plasma flow is φ≈30 • .
For interval B the power spectrum is shown in Fig. 6b . Clearly the peaks in the 30-60 mHz band are dominant now in all spacecraft, albeit not centered on one frequency, but shifted per spacecraft. It is noteworthy that this peak is followed again by a broad spectral excess in the 80-200 mHz band. The magnetic data show that for this interval all spacecraft exhibit a more similar behavior, even though there are slight differences. C3 remains near the neutral sheet, whereas C1/2/4 move into the lobe and then return to the neutral sheet and cross it again, back to the southern lobe, with C4 remaining near the neutral sheet, like in interval A, and showing again clear 25-sec oscillations in B x . At higher frequencies there are no significant peaks in the spectrum except for the spectral excess mentioned above.
Band-pass filtering the data and calculating the cross-correlation shows that there is reasonable correlation for C2 and C4 and a bad correlation for C3. The resulting velocity is v≈(223, 38, 202) km/s. The propagation angle with respect to the plasma flow is φ≈35 • .
Late substorm phase and substorm re-intensification
Now we will look at data during the late substorm phase and re-intensification. In the first event that we have chosen, 12 August 2001, there is a lot of dynamics going on in the current sheet. The data show a thinning current sheet (Nakamura et al., 2002a) , sending the spacecraft to either side of it and a high wave power in the magnetic field. The second event on 29 August 2001 has the spacecraft move into the current sheet, but they do not cross B x = 0. There is good correlation for C2 and C3 (0.8 and 0.65, respectively) and reasonable correlation for C4 (0.55). The lag times for these maximal correlations (5.3, 5.6 and 4.6 sec, respectively) are used to calculate the propagation direction and velocity of the waves using the spacecraft locations. Bottom: The cross-correlation for the data of 22 August 2001, interval A as a example of partially poor correlation between spacecraft.
The data
The first event is on 12 August 2001. The interval of interest is 18:38-18:46 UT, during which there are fast earthward flows (v x ≥700 km/s), and there is also a pronounced thinning of the current sheet up to a half thickness λ≤500 km (Nakamura et al., 2002a ). The AE index shows that this event takes place in the recovery phase of a substorm, with AE approximately 500 nT after a maximum of 700 nT approximately 15 min earlier. However, the AE index is not a good substorm indicator for this event. The auroral images show that at the beginning of this interval, there is an auroral brightening, thus we are dealing with a re-intensification of the substorm. The magnetic field data and CIS CODIF v x data for protons in GSM coordinates are shown in Fig. 7 .
The second event is on 29 August 2001, during the time interval 1:24-11:27 UT. There is little fluctuating flow in all components and just before the interval, the plasma β increased from 0.1 to 1. The AE index shows that this interval is during a substorm late recovery phase, with AE flattening out at approximately 200 nT after a maximum of 600 nT. In the FGM data a clear signature in B x at this time, which changes from B x ≈ − 8 nT to B x ≥0 nT, is associated with a decrease in the total magnetic field strength B t and a strong earthward flow v x ≈400 km/s. The magnetic field data and CIS CODIF v x data for protons in GSM coordinates are shown in Fig. 8 . There are some significant flows in y and z (not shown in Fig. 8 ), on the order of half the flow in x. The Kaktovik magnetometer of the GIMA array shows that there is a strong negative bay in the H component (positive bay in the Z component).
Wave analysis

12 August 2001
We show the power spectrum for the 12 August interval in Fig. 9a . C1 and C3 exhibit peaks in the 30-60 mHz band, C2 shows a slight peak near 50 mHz, and C4 shows a plateau with no specific peaks. We have split the interval into two halves, and calculated the power spectrum for both, shown in Figs. 9b and 9c. This is done basically because first, C3 is in the same tail region as the other three spacecraft, but in the second half it is at the opposite side of the neutral sheet. The resulting spectra show slight differences between the two halves, basically in the behaviour of C3, which has a plateau first in the spectrum and then a peak. The spectral power density in the peaks is between 10 and 100 nT 2 /Hz. This is an order of magnitude smaller than the previous two examples, indicating that the compressional waves in the current sheet are damped, or that the spacecraft have moved into a location of the current sheet where these waves are suppressed (this topic will be further discussed in Sect. 5.1).
For both halves we band-pass filter the data to find the direction and velocity of propagation of the waves. For the first half the correlation with C4 is good, ∼0.8, however, those for C2 and C3 are between 0.5 and 0.6. So we must again be careful with interpreting our result. The waves propagate with velocity v≈(140, −78, 88) km/s earthward, while the plasma flow is earthward at v x ≥700 km/s. The propagation angle with respect to the plasma flow is φ≈39 • .
For the second half we find similar correlations between the spacecraft, with different lag times. The waves propagate with v≈(67, −20, 11) km/s earthward, while the plasma flow is earthward at v x ≥700 km/s. The discrepancy between the two determined velocities is likely to be an artifact from the weak correlation of C2 with the other spacecraft. The correlation between C1/3/4 is reasonably good, even though C3 is mainly at the opposite side of the neutral sheet as C1/4.
29 August 2001
The power spectrum for the second event, 29 August, is shown in Fig. 10 . There are no significant peaks in the 30-60 mHz band, slight plateaus in C3/4 and just a fall-off in C1/2. The main spectral features are at higher frequencies, between 80 and 150 mHz. Band-pass filtering the data over this higher frequency range shows reasonable correlation between the spacecraft, with values between 0.7 and 0.8. The resulting direction and velocity of the waves is v≈(260, −82, 129) km/s. The propagation angle with respect to the plasma flow is φ≈35 • .
Quiet time
The last event that we will investigate is during quiet times, on 24 September 2001. The AE index for this day shows very little activity, constant at less that 200 nT over a period of more than 6 h. There are no significant flows in the current sheet. 
The data
There are two interesting intervals for this event. For the first interval, 09:39-09:48 UT, all spacecraft are in the current sheet with little wave power in the magnetometer data, shown in Fig. 11 , together with CODIF CIS v x data for protons. A clear dipolarization takes place during this interval at 09:40 UT, where B z increases from 5 to 15 nT. After the dipolarization has occurred the field lines stretch again and C1/3/4 show the same decrease in B z , whereas C2 shows a sudden dipolarization again at 09:43:50 UT. In the second interval, 09:51-09:58 UT, there are strong B x oscillations seen by the spacecraft. It is interesting that C1/3/4 basically show the same magnetic field oscillations, whereas C2 is clearly offset in time by approximately 30 sec.
From both intervals we find that C2 is in a slightly different region as C1/3/4. Indeed, looking at the locations of the spacecraft we find that C1/3/4 are at approximately the same y GSM , but C2 is significantly further dawnward.
Wave analysis
We show the power spectra for both intervals in Fig. 12 . The first interval shows slight peaks that are still significant in C1/3/4 and a broad plateau in C2. The peaks do not line up well enough to validate the propagation direction determination. The spectral power in the peaks varies between 1 and 10 nT 2 /Hz. This decrease of another order of magnitude in spectral power shows that the waves in the current sheet are damped after substorm onset. The second interval does not show significant peaks in the power spectra.
Discussion
We have investigated several current sheet crossings by the Cluster spacecraft under varying magnetospheric conditions: 1. at strong substorm onset/during the expansion phase; 2. during late substorm phase and re-intensification; 3. at quiet times. The main observations were:
-Compressional waves dominate over left-and righthand polarized waves in the current sheet;
-Compressional waves in the 30-60 mHz band exist in the current sheet, with spectral power density dependent on the level of magnetospheric activity, with the strongest power at the substorm expansion phase and the weakest power during quiet times; -In the spacecraft' reference frame the compressional waves move in the same direction as the plasma flows measured by Cluster, however, with smaller velocities;
-The propagation angle of the waves with respect to the flow direction is 30 • ≤ φ≤40 • .
Our main interest extended out to waves in the 30-60 mHz band, which seemed to be present in most of the spectra. Indeed, spectral peaks in the frequency range 0.001-0.16 Hz were observed by Sigsbee et al. (2001) in the Geotail data, when the spacecraft was moving through the current sheet. They, however, did not study these waves in detail.
Looking at the various spectra in this paper one can notice that there seems to be a strong dependence on the power spectral density of these peaks on the time of observation with respect to magnetospheric activity. At the substorm onset/expansion phase the maximum power is 10 2 ≤P 30−60 ≤10 3 nT 2 /Hz, later we find 10≤P 30−60 ≤10 2 nT 2 /Hz and during quiet times 1≤P 30−60 ≤10 nT 2 /Hz. For each magnetospheric condition that we identified we find that the power spectral density differs by an order of magnitude. This could indicate that processes related to substorms, such as flow bursts, are the driving power behind these waves, which then dissipate over these events. However, our data sets are sufficiently different, in order to obtain a more detailed view of the dependencies of the wave power.
Overview 30-60 mHz waves dependencies
In the previous sections we have investigated the 30-60 mHz waves per event. These five events occur in a broad range of magnetic activity, spacecraft location (in LT and with respect to the neutral sheet) and flow activity. This gives us the possibility to come to a general view of the criteria necessary for the occurrence of these waves.
The first event on 17 July the magnetic field measured by the spacecraft (see Fig. 2 ) does not show significant differences. All the spacecraft are clustered around the neutral sheet, B x = 0. This indicates that the current sheet is thick with respect to the north-south separation distances of the spacecraft. In this case the current sheet half thickness λ>1600 km ≈0.25R E . The strongest wave power can be seen during the strong flow burst, v x >400 km/s. This case, however, does not show whether both the location near the neutral sheet and the fast flows are determining factors. The power spectra for all spacecraft for interval 09:51-09:58 UT.
The 22 August event gives more information with respect to this question. While the spacecraft were in the current sheet, the half thickness of the sheet decreased significantly from ∼2R E to ∼0.2R E and back again . Using a Harris sheet model, given in Eq. (1), one can estimate the parameters of the current sheet model with three spacecraft, leaving the fourth spacecraft to check the result (cf. Nakamura et al. (2002a) ). In our case we first fit the data from C2/3/4 and check with C1, and successively we then fit the data from C1/3/4 and check with C2
Here, B 0 is the magnetic field in the lobes, z 0 is the z-offset of the neutral sheet (B x (z 0 ) = 0) in GSM coordinates, and λ is the half thickness of the current sheet. We have determined these parameters at various points along the interval for oneminute averaged data. Figure 13 shows the results for the interval 09:50-09:59 UT. For a good fit one expects:
which, for most points in Fig. 13 , is the case. Once again, there is a strong flow in the current sheet (see Fig. 3 ), but now the current sheet has a large-scale flapping motion across the spacecraft, sending them from one side to the other. One can observe some clear effects from this flapping motion. Starting at 09:50 UT, there is a strong tailward flow burst, which sets off strong oscillations in C1/2/4 at a period of approximately 25 sec. C3 is outside of the half thickness of the current sheet and does not show any oscillations, see Fig. 13b ; the gray dashed line shows the relative location of C3 with respect to the half thickness λ of the current sheet. First, at 09:54 UT, when the current sheet has moved across Cluster, sending C4 to |z 0 |>λ and C3 to |z 0 |<λ do we see that the oscillations are highly suppressed in C4 and show up in C3, see Fig. 13e . This would indicate that the location of the spacecraft with respect to the neutral sheet is an important aspect for measuring these waves, in addition to the strong flow.
A similar event, in which the current sheet thins while Cluster is near the neutral sheet occurs on 12 August. Nakamura et al. (2002b) have made an extensive study of the current sheet thinning and show that before the flow burst, the current sheet is thick λ>3000 km. Only after 18:42 UT, when C1 and C4 see the flow burst (see Fig. 7 ), does the current sheet half thickness decrease to λ≤500 km, sending the spacecraft to either side of the neutral sheet. Before the flow burst and the current sheet thinning, interval A, we see that there is very little spectral power density in the 30-60 mHz frequency range. In interval B C1/3/4 show a peak in the spectrum around 40 mHz, whereas C2 just shows a drop off in spectral power density with increasing frequency. Clearly this event shows the importance of flow bursts for the occurrence of these waves, where no flows means no wave power.
What does this event explain about the location effect? The fits by Nakamura et al. show that most of the time the spacecraft are at z o ≈0.1R E ≈600 km. This would mean that the spacecraft would be outside of 1 half thickness λ and thus, one would expect suppressed or no wave power. This indeed seems to be the case for C2, which is the northernmost of the four spacecraft and furthest away from the neutral sheet. C2 shows no indication of wave power in the 30-60 mHz frequency range. The other spacecraft do show a spectral peak, however, compared with the first two events, the spectral power density is one order of magnitude smaller.
On 29 August the spacecraft remain in the Southern Hemisphere of the current sheet, only approaching the neutral sheet. There is a strong flow and a dipolariziation (see Fig. 8 ). The spectra show no significant peak in the 30-60 mHz frequency range. A fit of B x to a Harris current sheet shows that during the chosen interval the half thickness is λ≈1.5 R E , whereas the spacecraft are at z 0 ≈ − 0.5R E . Although the flows are similar, as in the 17 July event, the spacecraft are not clustered around the neutral sheet, and that seems to have a significant influence on the wave power.
During the last event on 24 September, the spacecraft are clustered again around the neutral sheet, but there are no significant flows. The spectra show that there is very little spectral power density; the levels are two orders of magnitude The symbols in the plots are indicative of the accuracy of the fit, for good fits a circle is used, for poor fits (i.e. B x /B x >1) a square is used. Panel (e) shows the MAG data for C3 (gray) and C4 (black). In the region where z C4 <λ the 25-sec waves are visible. They disappear when z C4 >λ and appear erratically in the C3 data as z C3 <λ .
smaller than for the 17 July event. Clearly being in the neutral sheet is of secondary importance to the wave power. A driver and the bursty flow need to be present.
Origin of the 30-60 mHz waves
Roberts (1981 a, b) discussed the wave propagation in a magnetically structured (solar) atmosphere. In his simple model there is a uniform magnetic field in |x|<x 0 , and outside there is no magnetic field. This model was modified by Smith et al. (1997) , where the magnetic field structure was taken as that of a simple Harris current sheet. For a compressible plasma, with a Harris sheet type of magnetic field, Lee et al. (1988) solved the MHD equations to find the streaming sausage and kink instabilities. The magnetic field strength B t measured by FGM and the total plasma pressure P p,t , measured by CIS-CODIF, are out of phase in their ∼25-s oscillations. The magnetic pressure variations, B 2 /2µ 0 , are almost balancing the plasma pressure variations, typically <0.1 nPa, completely. This means that the observed waves in our events are sausage mode oscillations.
Wave-flow relation
We can determine the wave propagation direction and velocity if the spectral peaks for the different spacecraft line up sufficiently. We have found several cases in which this was possible. The wave velocities, v, were determined in the spacecraft frame of reference, and they propagate in the same direction as the plasma flow, with propagation direction reversal if the plasma flow reverses direction, as in the 22 August event. In Table 1 we show v x , as determined in the above sections, and compare these values with the average flowv x and the maximum flow velocity v max during the interval.
One must recognize that the waves are embedded in the flow, and thus, we have to determine the wave velocity v pr in the plasma rest frame. The waves all have a velocity in the spacecraft reference frame that is in the same direction as the plasma flow, but slower. This means that in the plasma rest frame, the waves are moving tailward when the plasma is moving earthward (in the spacecraft' rest frame) and vice versa. This is interesting in so far as the waves then, in the plasma frame, always move toward a possible X-point, staying behind the plasma flow. It is thus reasonable to argue that these compressional waves are caused by the interaction of the flow burst itself with the neutral sheet plasma. This is clearly a drift mode that tries to slow down the super-Alfvénic flow, as in the calculation by Lee et al. (1988) .
Comparison of the wave velocity and the average plasma flow velocity shows that in the spacecraft' rest frame, the waves propagate at velocities slower than the plasma velocity. In the numerical calculation by Lee et al. (1988) , one finds that the phase velocity of the waves is less than the flow burst velocity in the current sheet (see their Table 2 ). For a flow burst at twice the lobe Alfvén speed, the phase speed is approximately 1.8 times the lobe Alfvén speed. The phase speed in the numerical calculations is smaller than the flow speed, indicating that in the plasma flow reference frame, the waves will propagate backward. In our determination of the phase speed of the waves in the spacecraft' rest frame, we find that it is slower compared to the average plasma flow velocity than in the numerical calculations. This, however, is not a significant discrepancy, because the calculations are done for an ideal plasma of constant density in the current sheet, and we do not have perfect correlation between the spacecraft while determining the propagation velocity vector.
Spectral power law
In the various figures with the spectral power density we have also indicated the steepness of the spectral power over a frequency range of 80 to 1000 mHz. The spectrum for each spacecraft was fitted to a power law: P (f ) = P 0 e −αf . We find that the steepness is basically: 2.3≤α 80−1000 ≤2.9, with a few values lying outside this range. This range of α is at slightly higher values than observed by Bauer et al. (1995a) , who found that 2.0≤α 30−2000 ≤2.5. This can easily be explained by the fact that they used a frequency range of 30 to 2 000 mHz. Looking closely at the power spectra one can see that in many of the traces there is a "knee" in the spectrum near 80 mHz. The spectral power density is much flatter over the range of 10 to 80 mHz; in general, one finds in the cases presented in this paper that α 30−80 ≈α 80−1000 − 1, indicating that two different mechanisms in these frequency ranges cause the turbulence. In general, it is important to note that the presence of these power laws strongly indicates that the turbulence in the neutral sheet during such events readily evolves into a well developed (probably internal) state.
Apart from having 4 spacecraft, there is another significant difference in our data set and that of Bauer et al. (1995a, b) . In the latter, 15-min long intervals of data were investigated with strongly varying flow speeds (see Bauer et al. (1995b) Figs. 1, 2 and 3). Our dynamic spectra have been calculated over shorter intervals, in which there is only a high-speed flow, such that v c ms , quite larger than the magnetosonic speed. This, together with the fact that we investigate waves at low frequencies ω ω ci , f 1 Hz, allows the spectra obtained in this paper in the frequency ω-domain to be directly mapped into the k-domain of wave numbers. Hence the spectra are dominated by the actual k-spectra, according to the Doppler shifted frequency ω = ω±kv with ω kv (see, e.g. also Borovsky et al. (1997) ).
We may thus conclude that the spectra directly reflect the k-spectrum of the turbulence, in which case the slope α can be understood as the slope of the turbulent spectrum. First, the existence of such a slope indicates that the low frequency turbulence in the neutral sheet is fully developed, even during such bursty flows, and is nearly stationary within the margins of observation. Second, however, the value of 2<α<3 indicates that the spectrum is steeper than Kolmogorov (α≈1.7), with the turbulence in the neutral sheet becoming close to two dimensional. This is probably due to the limited zextension of the neutral sheet, which imposes a restriction on the third dimension. However, for purely 2-D turbulence, one should have α = 3. If α<3, this implies that other processes are at work as well, like intermittency and spatial filamentations; more cannot be distinguished in the spectra. One can, however, use the observed break in the spectrum at about 40 mHz to estimate at what scale the turbulence changes character. Using v ≈ 500 km/s as a mean flow speed, and ω/2π ≈40 mHz we find the scale to amount to roughly l≈2R E . Hence, one may conclude that the break in the spectrum is caused by the transition of the turbulence from the inner part of the relatively weak field and high-β region to the more external region where β decreases.
